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There is growing evidence that active tubular secretory clearance (CL,) may not decline proportionally with the
glomerular filtration rate (GFR) in chronic kidney disease (CKD), leading to the overestimation of renal clearance

(CL,) when using solely GFR to approximate disease effect on renal elimination. The clinical pharmacokinetic data

of 33 renally secreted OAT1/3 substrates were collated to investigate the impact of mild, moderate, and severe

CKD on CL, tubular secretion and protein binding (fu,p)- The fu’p of the collated substrates ranged from 0.0026 to

1.0 in healthy populations; observed CKD-related increase in the fu’p (up to 2.7-fold) of 8 highly bound substrates
(fu,p50-2) was accounted for in the analysis. Use of prediction equation based on disease-related changes in albumin
resulted in underprediction of the CKD-related increase in fu,p of highly bound substrates, highlighting the necessity
to measure protein binding in severe CKD. The critical analysis of clinical data for 33 OAT1/3 probes established
that decrease in OAT1/3 activity proportional to the changes in GFR was insufficient to recapitulate effects of severe
CKD on unbound tubular secretion clearance. OAT1/3-mediated CL_ was estimated to decline by an additional

50% relative to the GFR decline in severe CKD, whereas change in active secretion in mild and moderate CKD was
proportional to GFR. Consideration of this additional 50% decline in OAT1/3-mediated CL_ is recommended for
physiologically-based pharmacokinetic models and dose adjustment of OAT1/3 substrates in severe CKD, especially
for substrates with high contribution of the active secretion to CL,.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC:?

[V] Recent studies have shown that active tubular secretory of re-
nally cleared drugs may not decline proportionally with glomeru-
lar filtration rate (GFR) in chronic kidney disease (CKD), leading
to potential overestimation of renal clearance when using solely
GEFR to approximate disease effect on renal elimination. However,
this has not been evaluated for highly protein bound drugs.
WHAT QUESTION DID THIS STUDY ADDRESS?

M Does the activity of OAT1/3 decrease proportionally to
GFR in CKD? How do CKD-associated changes to plasma
protein binding affect this evaluation, in particular for highly
bound drugs?

WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

M Critical analysis of 33 renally excreted OAT1/3 probes es-
tablished that decrease in OAT1/3-mediated active secretion
exceeded the decline in GFR by ~ 50% in severe CKD.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

4| Analysis refines virtual CKD populations in physiologically-
based pharmacokinetic models to increase the confidence in
prospective quantitative predictions of pharmacokinetics in
severe CKD, aiding the dose adjustment recommendations for
OAT1/3 substrates in CKD populations in the absence of clini-
cal data.
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Chronic kidney disecase (CKD) is a growing public health
problem, affecting ~10% of the global population,1 with sig-
nificant consequences on pharmacokinetics and drug dosing.2
Glomerular filtration rate (GFR) is commonly used as a surrogate
marker to estimate CKD progression and measure the residual
kidney function.? Among the various methods available to esti-
mate/measure GFR, use of serum creatinine with one of several
equations to obtain estimated GFR (eGFR) remains the most
clinically applied method.* Likewise, the US Food and Drug
Administration (FDA) and the European Medicines Agency
(EMA) both recommend eGFR or creatrmne clearance (CL ) to
guide drug dosing in these patrents However, glomerular fil-
tration is only one of three mechanisms contributing to the renal
excretion of drugs. Despite this, drug dosing guidance is often
based on the assumption that in CKD, the total renal excretion
clearance (CL ) of a drug declines proportionally with GFR, built
on the intact nephron hypothesis (INH). 78 INH assumes that
any loss of glomerular/tubular function in a nephron represents
a simultaneous and proportional loss of function to the entire
nephron, thus, tubular secretion and re-absorption should de-
crease proportionally to GFR in CKD.

However, there is growing evidence that the active tubular se-
cretion of drugs, mediated by various renal transporters, such as
organic anion transporters (OATs) and organic cation transporter
2 (OCT2), does not decline proportionally with GFR.”' OAT1
and OAT?3 are membrane-bound solute carrier transporters pre-
dominantly expressed on the basolateral membrane of the renal
proximal tubule and are responsible for the intracellular uptake
of organic anions, including acidic drugs and endogenous com-
* The active renal secretion clearance (CL) of OAT1/3
drugs has been proposed to decline faster than GFR with pro-

pounds.1

gressively severe CKD, with the likelihood of overestimating the
CL, when using GFR to approximate CKD effect on this param-
eter9 13 However, this disease effect has not been studied with
highly bound OAT1/3 drugs and clinically observed changes to
protein binding during CKD were mostly unaccounted for in
prior analyses.13

Changes to the protein binding of drugs during CKD are well-
established and are typically observed wrth acidic drugs that are
primarily bound to albumin in plasma *Asa consequence, tubular
secretion and protein binding (f ) of acidic drugs increases with
disease progressron,IS whereas basrc drugs tend to show an oppo-
site trend due to their propensrty to bind to o -acid glycoprotein,
which increases during CKD.® Despite the multlfactonal reasons
behind the disease-related changes in protein binding, f values
in CKD are often predicted by accountmg solely for changes in
plasma protein concentrations. 1617 This prediction method was
initially applied to estimate protein binding in infants'® and its use
in predicting f in CKD has not been validated with a large data-
set of drugs. Moreover, binding is assumed to occur with one pro-
tein (albumin or a -acid glycoprotein), whereas many drugs bind
to both proteins to some extent.

In recent years, there has been an acceleration of physiologically-
based pharmacokinetic (PBPK) modeling in both commercial and
academic applications,19 but only 4% of PBPK modeling submissions
to the FDA in 2018-2019 were for renal impairment.20 Despite
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recent promising examples,ﬂ_23 PBPK modeling of CKD-related
modulation of active secretion is stlﬂ challenging, in contrast to PBPK
modeling of metabolized drugs Lack of quantitative proteomic
measurements of renal transporter expression in CKD populations
contributes to this inability to recapitulate pharmacokinetics in CKD-
PBPK and the use of these models in a prospective manner. Therefore,
there is a need for further understanding into the mechanistic changes
that occur during CKD and their impact on transporter-mediated
renal secretion to build confidence in CKD-PBPK models.

This study aimed to investigate the impact of CKD on plasma
protein binding and active renal secretion of renally excreted
OAT1/3 substrates using published clinical pharmacokinetic data
in different disease stages. The work has built upon previous analy-
sis into the appropriateness of the INH”" and analyzed changes in
active secretion for a wider range of OAT1/3 substrates, including
highly protein bound compounds. Furthermore, the possible in-
fluence of CKD modifications to plasma protein binding on the
OAT1/3-mediated renal secretion was explored for highly bound
substrates, together with CKD-mediated changes in transporter
function. The accuracy of predicting the change in f based solely
on the decrease in albumin levels during CKD Was evaluated
against the clinically observed data.

METHODS

Collation of clinical dataset of OAT substrates

A stepwise approach using four inclusion criteria (A-D) was applied to
shortlist OAT1/3 substrates that were renally secreted and clinically im-
pacted by CKD (Figure 1). Relevant data were collated from the PubMed
electronic database (https://pubmed.ncbi.nlm.nih.gov, accessed between
November 2020 and September 2021) and the Clinical Pharmacology
and Biopharmaceutics Review uploaded on the Drugs@FDA database
(hetps://www.accessdata.fda.gov/scripts/cder/daf/, accessed between
November 2020 and September 2021). Criterion (A) shortlisted sub-
strates with 7z vitro evidence of OAT1/3 activity as identified from pub-
lished databases of renal transporter substrates™?>° or i vivo evidence
based on presence of a clinically significant drug-drug interaction (DDI)
with an OAT1/3 inhibitor (area under the plasma concentration-time
curve ratio (AUCR) > 1.25). Substrates with the fraction excreted un-
changed in the urine equal or greater than 0.3 (fc rine 2 > 0.3)° were consid-
ered (B). Active secretion defined as the ratio of CL_to filtration clearance
(CLy) in healthy subjects (Ranealthy Egs. 1, 2) was criterion (C), where

substrates with R nf Healthy > 1.5 were considered to have significant net ac-

tive renal secretion and minimal re-absorption, and were shortlisted. 13
R gtieatchy = CLi Healehy T Clgealthy (1)
where
CLtHealthy = GFRycatehy X fop—Healchy )

Finally, only OAT1/3 substrates with clinically measured CL, and
GFR in both healthy and CKD populations were considered (D).
CKD stages were defined following the Kidney Disease Outcomes
Quality Initiative (KDOQI) 2002 clinical practice guidelines: stage 1/
healthy (GFR >90mL/min/1.73 m?), stage 2/mild (GFR = 60- 89 mL/
min/1.73 m?), stage 3/moderate (GFR = 30-59 mL/mm/l 73 m?%), and
stage 4/severe (GFR = 15-29 mL/min/1.73 m 3. CKD subjects un-
dergoing dialysis or on non-dialysis days were excluded. Subjects with
GFR < 15 mL/min but not receiving dialysis treatment were included
in the severe CKD group. No distinction was made between the various
methods to obtain eGFR or measured GFR (mGFR), although mGFR
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[ OAT1/3 Substrates Identified from Databases ]

L

a Y
Criteria A: (a) /n vitro evidence of OAT1/3 activity or
(b) OAT1/3-mediated DDI with AUCRopi = 1.25

l N=73

Criteria B: Renally excreted (fe,urine 2 0.3)

l N =53

Criteria C: Renally secreted (RnfHeattny > 1.5)

l N =50

Criteria D: Clinical PK data in CKD populations is available

T
4 )

Shortlisted OAT1/3 Substrates

Acamprosate Ciprofloxacin Pemetrexed
Adefovir Entecavir Penciclovir
Amoxicillin Ertapenem Piperacillin
Avibactam Famotidine Rivaroxaban
Baricitinib Furosemide Rosuvastatin
Bumetanide Ganciclovir Sitagliptin
Cefazolin HCTzZ Sulbactam
Cefmetazole Lamivudine Tazobactam
Cefotaxime Meropenem Tenofovir
Ceftizoxime Olmesartan Zalcitabine
Cefuroxime Oseltamivir 4-Pyridoxic Acid
k carboxylate /

Figure 1 A flowchart describing the methodology used to shortlist

the OAT1/3 substrates in this study. Only renally excreted and renally
secreted OAT1/3 substrates with clinical pharmacokinetic data in CKD
populations were shortlisted. In vitro evidence of OAT1/3 activity was
accepted if greater intracellular uptake of a substrate with an OAT1/3
overexpressing cellular systems vs. the wildtype/control system or upon
inhibition of OAT1/3 with probenecid were found. Evidence of in vivo
0AT1/3 activity was a clinically relevant OAT-mediated DDI with >1.25-fold
increase in AUC in the presence of a US Food and Drug Administration
recommended clinical inhibitor of OAT1/3.48 In vitro inhibition of OAT1/3
by the shortlisted substrates were not considered as evidence of OAT1/3
activity. Due to species differences in OAT1/3 activity and protein
expression,49 in vitro studies using systems expressing mice Oat1/3
were excluded. The number of OAT1/3 substrates (N) that passed each
inclusion criterion is shown. AUC, area under the plasma concentration-
time curve; AUCR,, ratio of AUC in drug-drug interaction phase and
AUCNO_DDI (control); CLr, renal clearance; CKD, chronic kidney disease;
DDI, drug—drug interaction; fe,urine’ fraction excreted unchanged in urine;
GFR, glomerular filtration rate; HCTZ, hydrochlorothiazide; OAT1/3,
organic anion transporters 1/3; PK, pharmacokinetic; R ., ratio of renal
clearance to filtration clearance in healthy populations.

nf’

was preferred if available. In addition, AUC and fu » in healthy and each
CKD stage were collated, together with drug related properties (e.g.,
LogP and pKa) to investigate potential associations using Spearman cor-
relation analysis (Supplementary Material).

Examining the impact of CKD on protein binding

The wp-Severe-CKD Was predicted using Eq. 3,1 assuming that human
serum albumin (HSA) is the primary drug-binding protein in blood and
that there are no changes to the protein binding affinity or capacity of
HSA during CKD. Predicted f, p-Severe-CKD Were compared with the

u,
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collated clinically reported data to evaluate predictive performance of

Eq. 3 for the CKD population.

1
_fu,p—Severe—CKD =
1+ [HSAlsevere—ckD 1 —fupHealdhy (3)
[HSAlfeatehy Jip—Healchy

A 1.25-fold error acceptance criteria were used to compare the predicted
/s p-Severe-CKD 38Nt the observed values, and the overall accuracy of
Eq. 3 was assessed using the geometric mean fold error (GMFE, Eq. 4).

2 o Predicted fy p—Severe—CKD
5 Observed Jup=Severe=CKD

1
2 4
GMEFE = 10" @
The maximum predicted fold change in f;  in severe CKD was approx-
imated using Eq. 5 (Derivation in Supplementary Material):

1
)
[HSAlSevere-cxp
[HSAlfeatehy

where [HSA] Healthy and [HSA]CKD*Stagc represent the average con-
centration of HSA in healthy and severe CKD populations, respectively.
The [HSA]Hcalthy (43.4g/L) was obtained with the midpoint of the con-
centration found in healthy men (44.9 g/L) and women (41.8 g/ L)1 The
[HSAI,...e_cxp ©of 36.3g/L is based on the mean concentration in men

(37.6g/L) and women (35.0g/L) in severe CKD.

Maximum Predicted Fold Change =

Evaluating the CKD effect on active tubular secretion

To evaluate the appropriateness of the INH, clinical evidence of the de-
cline in active secretion compared with decline in GFR during CKD was
evaluated using the collated clinical studies in our OAT1/3 database.
CL, of the shortlisted substrates in mild, moderate, and severe CKD were
calculated using Eqgs. 6 and 7:

CLS,CKD—Stage = CLr,CKD—Stage - CLf,CKD—Stagc (6)
CLf,CKD—Stags = GFRCKD—Stage X u,p—CKD—Stage (7)

The reported mean, geometric mean or median GFR and CL_ of each
corresponding CKD stage were used in Egs. 6 and 7. If average GFR
was not reported, either the midpoint of the GFR range used to re-
cruit subjects for cach CKD stage was considered or 120 mL/min was
assumed for healthy subjects. When necessary, the CL, and GFR of
individual subjects were digitized using WebPlotDigitizer (version
4.4; Pacifica, CA). Subsequent descriptive statistical analyses were per-
formed using Microsoft Excel (Microsoft, Redmond, WA). Because f;
has been observed to vary depending on severity of CKD, ' measured
f;l’P in the corresponding CKD stages were used when reported. For
low to moderately bound OAT1/3 substrates (fu,p-l—[ca[thv >0.2), thcfu’p
in CKD was assumed to be equal tOf;,p—Hcalthv when measurements of
fmp in the various CKD stages were not available. Negligible passive re-
absorption along the renal tubule was assumed when calculating CL..

The decline in GFR and CL at different stages of CKD relative to
healthy subjects (RGFR and R , Eqs. 8, 9), and magnitude by which CL,
deviates from the INH (F) were determined using Eq. 10.

GFRCKD—Stagc

Repp = x 100%, ®)
GFRHcalthy
CL: —Stage
Rey = K07 o 100% ©)
‘ CL
‘s, Healthy
645
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R
F = CL,

. (10)
RGFR

F_represents the additional decline in tubular secretion that was not ac-
counted for by the INH. IfINH is valid, CL_and GFR decrease proportion-
ally with each other and F_ = 1. In contrast, if the substrate does not obey
the INH, £, would be larger or smaller than one. Using a sensitivity analysis,
the impact of severe CKD on CL, for OAT-secreted substrates was investi-
gated for the INH and the non-INH scenario for a hypothetical dataset of
substrates with CL_ ranging from 0.5 to 500 mL/min and f ranging from
0.001 to 1.0 (for details see Supplementary Material). Sensmwty analysis
was performed assuming that substrates are only renally eliminated.

RESULTS

Clinical CKD database of OAT1 and OAT3 substrates

A preliminary list of 73 OAT1/3 substrates was identified (cri-
terion A). Among them, 20 did not meet our criteria for renal
excretion (criterion B), 3 were not renally secreted (criterion C),
and 17 were excluded as appropriate data in CKD populations
were unavailable (criterion D). Final database included 33
OAT1/3 substrates that met our inclusion criteria, compris-
ing of 32 drugs and one endogenous biomarker of OAT1/3,
Complete list of OAT1/3 substrates to-
gether with pharmacokinetic properties is in Table S1, the

4-pyridoxic acid.”’

majority also had iz vitro evidence of being an OAT1/3 sub-
strate. The exceptions were ertapenem, cefuroxime, and cef-
metazole, which were included based on clinically significant
DDIs with probenecid (AUCR 21.25). In the database, £, .
ranged from 0.30 (rosuvastatin) to 0.95 (acamprosate), with
varied importance of active secretion (R .y . from 1.60
(meropenem) to 27.55 (furosemide); Figure 2a,g). The pro-
tein binding ranged from 0.0026 (olmesartan) to 1.0 (acam-
prosate), with 6 OAT1/3 substrates w1thf <0.1 (Figure 2c).
The effect of CKD on systemic cxposurc differed across
OAT1/3 substrates in the database, with the AUCR in severe
CKD (AUCRchcre—CKD

11.62 (acamprosate).

) ranging from 1.64 (rivaroxaban) to

Impact of CKD on plasma protein binding

The literature analysis identified 9 published clinical measure-
ments of f, wp-Severe—CKD for eight OAT1/3 substrates in our
dataset (Figure 3). Two separate protein binding measurements
in CKD for bumetanide were obtained from different clinical
studies and analyzed. Although methotrexate was not included
in the final shortlist due to the absence of CL_measurements
in the published CKD clinical study,?® it fulfilled all the other
inclusion criteria and measurements of £, in CKD populations
were collated. In general, highly proteiri bound OAT1/3 sub-
pe Hcalthy<0 2) in our database experienced a more
pronounced increase inf;,  duringsevere CKD; for example, the
highest fold change (fup Severe_CKD'. up—Htalth> was 2.71-fold
for bumetanide (fup Healthy = 0- 0058 to 0. 03045 Consideration
of only CKD-related changes in albumin concentration (Eq. 3)
underpredicted the effect of disease when compared with the
observed f, p—Severe-CKD data (Figure 3). Maximum predicted
fold change mf in CKD was 1.20 (Figure 3), with 40% of
datapoints w1thm prediction limits (0.8 < fold error <1.25) and
a GMFE of 1.43. The most pronounced underprediction of
fup Severe_ckp Was apparent for bumetanide and olmesartan, as
predicted £, | represented < 50% of the measured value (details
in Figure S1).

strates

Estimation of the effect of CKD on OAT1/3-mediated renal
secretion

In total, 38 CKD clinical studies for the 33 shortlisted OAT1/3
substrates were analyzed. Several drugs (famotidine, penciclovir,
bumetanide, furosemide, and cefotaxime) had repeated clinical
studies in CKD populations. The assumption of no disease-related
change in f for OAT1/3 substrates with low to moderate plasma
protein bmdmg (Figure 2c, fup Healthy > 0.2) and with no re-
ported data was reasonable, as their f was not expected to vary
significantly during CKD (Figure 3) CKD-associated change
in net renal secretion (R, ) was compared against the decline in
GFR (100~ R, to evaluate the impact of disease progression

(a) (b) (c)
1.0- ¢ oo 30-. 1.0 XY Se
o ..... [ 4 - L4
° ] y o®
- ege - - °®
::: i ° °
L (1] [ 1) b ® ®
o0 > 20+ $ .
o o : < o - °
£ ®
5 0.5 ® £ - 5 0.54 R
() ] Y
Y J ° n:C J i
° 104
o ) o
i °
o o o )
i ﬁo :
o : . :
0.0 T 0 T 0.0 ?

Figure 2 The distribution of (a) fraction excreted unchanged in the urine (f,

of renal to filtration clearance (R
R

nf,Healthy

nf Healthy Was calculated using Eq. 1

646

) and (¢) measured fraction unbound in plasma (f,

) (b) contribution of renal secretion determined as the ratio
) of 33 OAT1/3 substrates in healthy individuals.

e,urine’
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Figure 3 The comparison between fraction unbound in plasma (fu,p)
in healthy populations (fu,p—HeaIthy) and the predicted fold change

of f,  in severe chronic kidney disease (CKD) relative to the value
in healthy populations (fu,p—Severe—CKD/fu,p—Hea\thy, ---) obtained using
Eq. 3. The gray area bounds the 1.25-fold error limit. The black
solid circles (®) are the observed fold changes in f, wp for OAT1/3

substrates with reported measurements off |n severe CKD.

(Figure 4a). In the mild to moderate stage of CKD, R,  were scat-
tered evenly around the line of unity, in overall agreement with the
INH, illustrated also by estimated F of 1.13 + 0.53and 0.84 + 0.36,

respectively. However, in severe CKD, active secretion declined

faster than GFR, resulting in F_ of 0.50+0.29 (median = 0.44;

Figure 4b). Only the R

sitagliptin, and adefovir, were above or on the line of unity in
glip y

. of four drugs, olmesartan, rivaroxaban,

severe CKD. Conversely, famotidine, hydrochlorothiazide, pip-
eracillin, meropenem, and avibactam exhibited an almost com-
plete deterioration of active secretion in severe CKD (R, < 2%)
despite functioning residual glomerular filtration.

Majority (88%) of the OAT1/3 substrates in our database had
an estimated F, < 0.8 in severe CKD. The F,_for all the analyzed
OAT1/3 substrates and their rank-order at every CKD stage is
in Figure S2 and Table S2. If the observed change in f during

CKD was not considered in our analysis (i.e., if /, was

,p—Severe-CKD
for all substrates), then estimated

assumed to be equal to f, wp—Healthy
decrease in OAT1/3 activity Would have been less prominent
(mean F_in severe CKD of 0.53). The importance of including
highly protein bound OAT1/3 substrates (f, wop—Healthy < 0- 2) in this
analysis was reinforced by the F,_ calculated for a subset of the sub-

strates with f Healthy > 0.2, Wthh resulted in a mean and median

F_value of 0. 42 and 0 35, respectively.

Sensitivity analysis

Simulations were performed to understand the impact of discase-
related changes in OAT1/3-mediated CL_and /| wp O the over-
all decrease in CL_from healthy subjects (GFR = 120 ml/min)
to a patient with severe CKD (GFR = 30 mL/min). In the INH
scenario, the decline in CL, remained constant for all OAT1/3
substrates, reflecting the extent of GFR decline in severe CKD
(Rey, = Rorr
nitude of secretion clearance in healthy. In the non-INH sce-
nario, the additional disease effect on OAT1/3 in severe CKD
F =05 applied on the secretion clearance),
. that varied from 4 to 8 (Figure Sa).

= 4). It was unaffected by protein binding or mag-

was implemented (
resulting in a predicted R,

(@) 125- 30, (b) 1.57
b O Acamprosate O Furosemide (2)
° O Adefovir O Ganciclovir
100- o) [ ) 20 ‘ O  Amoxicillin O Hydrochlorothiazide
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25+ ° ® "my e 0.5 I Ciprofloxacin FIEIGHEn
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1 = = 1 DD e O Tazobactam
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= . m] = Furosemide (1) gys
CKD Decline in GFR (%) 0.0 " Sl

Figure 4 Relationship between (a) R (%) and the disease-related % decline in glomerular filtration rate (GFR) across mild (®), moderate (M),

and severe (A) chronic kidney disease (CKD) with the inset graph highlighting the severe CKD data only. R

CLs

represents the decline in

secretion clearance (CL,) at different stages of CKD relative to healthy subjects (%xlOO”/) Each colored symbol represents an individual
data point from 33 OAT1/3 substrates in the CKD database. The intact nephron hypothesis assumption where GFR declines proportionally to
CL, is represented by the line of unity (---). (b) The magnitude of deviation in R , from the intact nephron hypothesis in severe CKD was

estimated by calculating the F, ratio (Fe=Rets / Roses Ro =

=== x100% ). The black solid line (-) and error bars represent the estimated mean F, and SD

of 0.50+0.29. This estimate was derived from an analysis of 38 CKD clinical studies for 33 OAT1/3 substrates shown in the figure with the
corresponding names in the side figure legend. Data for 4-pyridoxic acid were not reported in severe CKD, while ceftizoxime provided a
negative F, estimate in severe CKD hence both were excluded from the analysis of severe CKD group.
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Figure 5 The 3D surface plots comparing the projected renal clearance (CL,) ratio of organic anion transporters 1/3 (OAT1/3) substrates
in healthy vs. chronic kidney disease (CKD) subjects using Egs. S5 and S6. Ratio of CL, in healthy vs. severe CKD was calculated as

Rs, = CL,

CLr r,HeaIthy/CLr,Severe—CKD'

Representative glomerular filtration rate (GFR) values of 120mL/min and 30mL/min were used in the

simulations for healthy and severe CKD populations, respectively. CKD-related effect on OAT1/3 secretion clearance was simulated by
assuming its decline beyond the intact nephron hypothesis (F, ratio of 0.5). (a) Predicted R, , for a range of the secretion clearance (CL, = 0.5
to 500 mL/min) and fraction unbound in plasma (f 0= 0.001 to 1.0) values. Clinically relevant OAT1/3 probes and in vitro substrates are

u

shown on the surface of the 3D plot. (b) Predicted Rcu

Sensitivity analysis showed more pronounced impact of CKD
on CL_for OAT1/3 substrates with a larger CL_ in healthy sub-
jects. In contrast, extent of change in CL, was less pronounced
for substrates with highcrfu,P (Figure 5a), consistent with the
correlation analysis of the clinical data (Figure S3A). The con-
tribution of active secretion to CL_ was found to be a key de-
terminant in predicting disease effect on CL_(Figure 5b). An
OAT1/3 substrate with a larger contribution of secretion to
total CL_ is expected to be significantly affected in CKD (larger
RCLr)’ regardless of the absolute value of CL,. The impact of
CKD-induced changes in f, ~in addition to disease effect on
transporter activity was simulgtcd, assuming a two-fold increase
in_fu,P in severe CKD for highly bound substrates (fu)p <0.2).
The analysis highlighted lower predicted change in the overall
CL, (Figure S4) compared with the scenario whcrcfmp remains
unchanged in severe CKD (Figure 5b).

DISCUSSION

The current study evaluated the appropriateness of the INH as-
sumption to describe CKD-related changes in OAT1/3-mediated
active secretion. A comprehensive database of 33 renally excreted
OAT1/3 substrates was collated, together with retrospective
analysis of the decline in GFR and CL_ in mild to severe disease
stages. Seven drugs in the database are FDA recommended probes
cither for OAT1/3-mediated clinical DDI evaluation (adefovir,
ceftizoxime, famotidine, furosemide, ganciclovir, and oseltamivir
carboxylate) or as iz vitro OAT1/3 substrates (adefovir and teno-
fovir).29 The database also included 4-pyridoxic acid, proposed en-
dogenous biomarker of OAT1/3-mediated DDIL.*"3° Considering
complexities of CKD, this evaluation of disease-related changes in
activity of OAT1/3 included substrates with representative range
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plotted against the proportion of active secretion against CL, (CL./CL,) and CL,.

in plasma protein binding (fu’P =0.0026-1.0), extent of renal se-
cretion and impact of CKD on plasma exposure (AUCRg, . cxp
= 1.64-11.62). Furthermore, analysis into the disease impact on
active secretion accounted for observed CKD-associated changes
in protein binding,

Clinical measurements of protein binding in CKD were avail-
able for only 8 of 33 (24%) of OAT1/3 substrates, highlighting a
need for protein binding measurements for highly bound com-
pounds, recognized also by regulatory guidance for renal impair-
ment studies.”®" The analysis showed significant increase in £ .
of highly bound substrates in severe CKD (up to 2.7-fold). The
exception was rivaroxaban where minimal changes (3.7% increase
in severe CKD) were reported despite its extensive binding mainly
to albumin (f, p—Healthy = 0.073).>** The small sample size (7 = 8)
and large experimental variability in the measurement of rivarox-
aban f; p-Severe-CKD (% coefficient of variation (%WCV) = 23.2%)
may be contributing factors.*> A larger sample size in renal im-
pairment clinical studies is needed to address the variability in the
measured f, in this population. An additional confounding fac-
tor to consié)cr is potential dual binding of drugs to albumin and
(xl-acid glycoprotein, which would have an opposite effect on the
/s p—Severe- CKD" Expansion of the current datasetand inclusion of mea-
surements of £, p-Severe-CKD of nonrenally secreted drugs is needed
to fully elucidate the effect of CKD on plasma protein binding.
Our study demonstrated a likely underprediction of f, p-Severe—CKD
of highly bound OAT'1/3 substrates based solely on disease-related
changes in albumin serum concentrations. Although prediction of
/i p-Severe_CKD WAs more accurate for OAT'1/3 substrates with low
plasma protein binding, their £ p is not likely to change signifi-
cantly during CKD anyway. Post-translational guanidinylation in
albumin that occurs in CKD reduces its binding capacity”* and the
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accumulation of albumin-bound uremic solutes might lead to the
displacement of drug albumin binding.35 Therefore, the inability
to predict disease-related alterations in f | ¢\ ... cxp (Figure 3) is
likely due to the multifactorial changes tﬁat occur in CKD, unac-
counted for in Eq. 3. Further refinement of the predictive equation
and consideration of a possible nonlinear relationship between fold
changein f, pin CKDandf, p—healchy 1S required.

Our analysis revealed that in severe CKD, OAT1/3-mediated
CL, deteriorated much faster than GFR and hence reliance on the
INH assumption would lead to an overestimation of CL_by ~50%
(F,=0.50). This adds on to the growing body of evidence that the

~11,1 .
9 3 Previous

INH might not be appropriate for renal transporters.
analysis of 18 low to moderately protein bound OAT1/3 drugs es-
timated a median reduction of 59% in the CL_beyond the INH in
severe CKD.1>3¢ A comparable decline in the CL, of OAT2 was
implemented in a PBPK model of creatinine developed for the
CKD population.11 The current analysis suggests that the underly-
ing mechanism causing deterioration in OAT1/3-mediated active
secretion manifests clinically in severe disease. CL_ declined pro-
portionally to GFR in mild stage of CKD and showed only small
additional decline of 16% in moderate CKD. Accumulation of
uremic solutes is associated with decreased hepatic metabolism and

hepatic/renal transport during CKD,38

including 7 vitro evidence
of OAT1/3 inhibition."® Because plasma concentrations of uremic
solutes have been shown to increase as CKD progrcsscs,39 the critical
inhibitory concentration might be reached only in severe CKD. In
addition, suggested decreased expression of renal transporters,zz‘40
decreased albumin levels, and post-translational modifications to

albumin, 16,34

coupled with the proposed protein-mediated uptake
transport“42 may all contribute to the deviation from the INH, but
more evidence is needed to ascertain their involvement in modify-
ing OAT1/3 function during CKD. Further work is needed to de-
termine if this F_ratio could be applied to other populations, such
as pediatric CKD populations where age-dependent expression
of OAT1/3% complicates the interpretation of the disease effect.
Moreover, these trends may not ap/‘pz‘ly to other transporters, as sug-
gested for OCT2 and MATE 2 WA, principle, the method used
here can be applied for the analysis of the CKD impact on other
renal transporters, but the availability of clinical data, relevance of
transporter to renal secretion, and overlapping substrate specificity
between different renal transporters must be considered.

There were several uncertainties in our analysis, which we con-
sidered and controlled for where possible. First, there is a large
experimental variability in the clinical measurements of CL,

[ OAT1/3 Substrates ]

|
[Mild to Moderate CKD]

|
[ Severe CKD ]

| fup>020 | | fwsoz |

| cLicLee<s0% |

| cLicLe250% |

A 4 \4

v \ 4
Scale CLrand CLs Sensitivity analysis
proportional to GFR should be performed
(INH). with and without

additional 50% decline.

-
Recommend applying the

additional 50% decline in
L OAT1/3-mediated CLs.

\ 4

(

. Recommend to measure protein
binding in severe CKD patients.
2. If fup is predicted using Equation 3

due to an absence of clinical
measurements, sensitivity analysis
should be performed.

.

Figure 6 Proposed recommendations for physiologically-based pharmacokinetic models of renally excreted OAT1/3 substrates in CKD

populations. ®Pharmacokinetic properties in healthy population; b9 contri
(CL,). CKD, chronic kidney disease; fu'p, fraction unbound in plasma; GFR,
organic anion transporters 1/3.

bution of active secretion clearance (CL,) to total renal clearance
glomerular filtration rate; INH, intact nephron hypothesis; OAT1/3,
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and GFR as evident for baricitinib, rivaroxaban, and sulbactam
(%CV >40%). Such variability can be due to the small sample size
(n = 6-8) and large interindividual variability in patients with se-
vere CKD that often have different comorbidities, disease etiology,
and demographics. Second, a subset of our database are also sub-
strates for other renal transporters (Table S1). For example, 2 of the
outlying drugs in our dataset with £, >1 in severe CKD were ade-
fovir (multidrug resistance-associated protein 4) and rivaroxaban
(P—glycoprotein).25’45‘46 The activity of these transporters may
change in a different manner to OAT1 and/or GFR, thus con-
founding our analysis. Nevertheless, >70% of our shortlisted
OAT1/3 substrates had both iz vitro and clinical evidence of
OAT1/3 activity. Lastly, the use of creatinine-based methods to
obtain CL_ or eGFR in most of the clinical studies introduces un-
certainty into the measurements GFR. Creatinine CL, is a com-
bination of glomerular filtration and active secretion via multiple
renal transporters.47 Thus, using serum creatinine to estimate GFR
may also be confounded by changes to its active renal secretion
during CKD or DDI with concomitant medication, leading to an
inaccurate GER estimate.'!

Sensitivity analysis was performed to assess the impact of dis-
proportional decline in OAT1/3 activity on CL_ of renally cleared
compounds with varying fu’p (0.001 to 1.0) and CL_ (0.5 to
500 mL/min). In the INH scenario where various renal processes
decline proportionally to each other, predicted decline in CL, was
a constant value (= GFRhealthy/ GFRg,... cxp) regardless of the >
or CL_. However, assuming additional decline of 50% in OAT1/3
(non-INH scenario) in severe CKD, disease-related changes to
CL, depended on the magnitude of f, » and CL in healthy popu-
lations. The CKD-mediated decrease in CL_ ranged from 4 in the
INH scenario to an upper limit of 8 for highly bound OAT1/3
substrates in the non-INH scenario, illustrating a 2-fold difference
in the predicted R,  that would be unaccounted for in the INH
scenario. The analysis also highlighted relevance of the percent of
contribution of active secretion to total CL _as a factor that might
be sufficient to anticipate the extent of decrease in CL_in CKD.
Our step-wise approach and recommendations for consideration
of additional decline in OAT1/3-mediated active secretion in
PBPK models of severe CKD populations are summarized as a de-
cision tree (Figure 6). When secretion clearance forms majority
of the CL, (CL/CL, >50%), an additional 1.25-fold change in
CL, relative to the extent of decline in GFR (INH) is expected. In
contrast, a CL /CL_<50% results in < 1.25-fold deviation in CL,
from the INH. This analysis is in agreement with recent ganciclo-
vir PBPK modeling where a modest difference in CL_between the
INH and non-INH assumed changes in OATs was observed and
rationalized by relatively low contribution of secretion clearance.”?

In conclusion, our study assessed the decline in OAT1/3-
mediated active secretion by establishing a database of 33 drugs/
endogenous probes with various degree of renal excretion and
protein binding, and retrospectively analyzing the collated clinical
data in mild, moderate, and severe CKD. The current analysis esti-
mated 50% decline in OAT1/3 activity beyond the disease-related
changes in GFR, highlighting the inadequacy of INH assumptions
in describing changes to tubular secretion via these transporters
during severe CKD. Depending on the CKD severity, extent of
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protein binding and the contribution of active secretion to total
CL, application of 50% decline in OAT1/3 activity in addition
to p’roportional decline in GFR is recommended in PBPK mod-
els of CKD populations (see decision tree in Figure 6). Moreover,
this study emphasizes the critical need to measure the £, > of highly
bound drugs in CKD studies. Given the observed underprediction
of protein-binding changes in severe CKD, predicting the _]fl » of
highly bound transporter substrates based solely on changes to
albumin concentrations should be avoided. Understanding the
mechanisms behind the CKD-associated changes to active tubular
secretion and protein binding is critical when estimating the CL,
of transporter substrates in CKD and for increasing confidence in
CKD-PBPK modeling of transporter-mediated renal elimination.
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